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1 Introduction 

Errors in the placement of ma.gnets within a beamline can contribute to the 
distortion of the central trajectory. If,the distortion of the central trajectory 
is too large, b earn 1 oss occurs reducing transmission. In a.ddition, if the 
tra.nsfer line consists of a string of bending magnets powered I~>- a single 
supply, the random distribution of field strength errors, for a given excitation 
current, may contribute to these central trajectory distortions. By evalua.ting 
the ma.gnitude of these distortions alignment tolera.nces and dipole corrector 
strengths are estimated. 

Since both the MI-52 to FO (Tev proton injection, also called the Pl 
beamline) and the MI-62 to FO (Tev pb ar injection, also called the Al beam- 
line) beamlines are essentially identical, only the first will be investigated 
here. The Main Ring remnant from FO to A0 works now (in principal) with 
the same BPM - corrector combination for 8 and 150 GeV, so unless a.ll mag- 
nets are replaced in this section there is no reason to suspect it won’t work 
in single pass operation at 8 and 120 GeV. However, all beamlines for the 
MI complex will eventually undergo this analysis. In addition, the results of 
a single correction of the worst case in the Booster to Main Injector 8 GeV 
(denoted as the I33 beamline) line will be presented. 
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2 Beamline Aperture 

The transport section of the MI-52 to FO tra.nsfer line consists of a FODO 
lattice of 10 half cells plus a matching section at the Tevatron end. All qua.ds 
in the FODO cells (except 2) are on a single bus and all dipoles (except 1) 
are on a common bus. Most dipoles in this section are rolled to provide the 
required horizontal and vertical separation between the MI and Tevatron and 
satisfy the matched dispersion criteria.. The dipoles are arra.nged in fa.milies 
with roll angles of 0, 4.08, 7.57, 12.02, and 23.4 degrees. 

This section of beamline will be required to tra.nsport 8.9 GeV/c protons 
and pbars, 120 GeV/c protons for slow spill and pba.r production, a.nd 150 
GeV/c protons for the Teva.tron. The bea.mline optics rema.ins coiista.nt for 
each of these scenarios with the exception of the downstrea.m ma.tching sec- 
tion which will be tuned between t.he 8.9 GeV/c and 150 GeV/c cycles. (The 
120 GeV/c cycle 1la.s tl le same tune as the S.9 Gc\‘/c cycle.) Figure 1 shows 
a 407r beam envelope a.nd magnet apertures for the 150 GcV/c Te\.a.tron in 
jection optics from MI-52 to Tev Fl7. Figure 2 shows the sa.me envelope 
a.nd a.pertures but for the 8.9 GeV/c pbar injection optics from h4I-52 to RJR 
F17. Note: the magnet apertures are for central orbits and do not reflect 
any reduction in aperture due to a.ny rolls. 

Figure 3 shows a cartoon of the a.perture and lattice functions for the 
half cell between quads QlO and Qll. Here these a.dja.cent dipoles have 
the maximum relative difference in roll angles of 23.4 degrees. The cartoon 
displays the 99% bea.m envelope for 8 GeV beam with a normalized emittance 
of 40 7r at three loca.tions through the dipole pair. For comparison, the 150 
GeV envelope is displayed at point 3. The available aperture in the vertical 
plane ranges from f4.25 mm at point 3 to f15 mm at point 1 for 8 GeV and 
f20 mm for 150 GeV. These serve to give an estimate of the magnitude of 
central trajectory distortions that can be tolerated for this beam line. From 
this cartoon, the main concern for this transfer line seems to be the avaliable 
aperture through the rolled dipoles for transferring 8 GeV pbars from the 
Source for injection into the MI. 



3 Errors 

The main sources of error that contribute to horizontal trajectory error in- 
clude a) random errors in the dipole field (AB/B) of the bends on a common 
bus and b) the horizontal misalignment of the quads (DX). The main sources 
of error that contribute to vertical trajectory error include c) the vertical 
misalignment of the quads (DY), and; d) random dipole roll errors of the 
(mainly) horizontal bending dipoles (DPSI). R o errors in the vertical bends 11 
in the same way will contribute to the horizontal trajectory error. Other 
potential sources of alignment errors such as errors in the pitch and yaw of 
dipoles a.nd qua.ds may reduce aperture but don’t crea.te orbit distortions. 

Estimates from the Alignment Group indicate that rea.sonable 2a (95%) 
numbers for quad positioning aad setting of roll angles for B2’s are 3~0.50 
mm a.nd rfI1.0 mr, respectively. For this eva.luation the la va.lucs of 10.25 
mm and *fro.5 mr are used. The maximum expected kicks, based on these 
errors, with the nomina.1 quad gra.dients and dipole fields a.re summarized in 
Table 1: 

Table 1: Maximum expected errors 

Error Magnitude (20) Field [kG] Gradient [kG/m] O[/Lr] 
quad DX,DY 0.5 mm 200 42.6 

B2 dipole DPSI 1.0 mr 18.8 22.8 
C-mag(V) DPSI 1.0 mr 12 7.2 
B2 field AB/B 50 units 114 

The rms value of these errors in the horizontal and vertical planes are 86 
pr and 28cLr, respectively. The la value (of 25 units) for the B2 field error, 
derived from magnet measurements, was obtained from the 150 GeV value 
reported in MI note MI-0066 and is assumed to be constant for all energies. 
Subsequent evaluation of the dipole field measurements tends to reduce this 
number and, if dipoles are measured prior to installation, the AB/B value 
may be reduced even further. However, for this evaluation the measurements 
from MI-0066 will be used. 

To estimate the effect of field errors and misalignments, these errors were 
introduced into the lattice and the central trajectory was calculated via. the 
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TWISS command in MAD. Each dipole and quad in the line was assigned a 
random error generated from a Gaussian distribution with a la value derrived 
from Table 2. The quad alignment and dipole roll errors are consistent with 
those used for Ma.in Injector tracking at 8 GeV as found in MI-0066. Figure 
4 shows the distribution of trajectories from twenty seeds based upon the 
errors listed in Ta.ble 2. The maximum distortion occurs a.t the end of the 
line: in the horizontal plane it is f14 mm, while in the vertical it is only 3.~5 
mm. As a test to determine how good the statist,ics were for 20 seeds, a run 
of 200 ra,ndom seeds was made as shown in Figure 5. Bere, the maximum 
distortion also occurs at the end of the line: in the horizontal plane it has 
increased to about f22 mm, while in the vertical it increased to about f10 
mm showing a.n increase in maximum amplitude of a.pprosimately a. factor of 
two. Removing the 25 units of field error, but retaining the same a.lignnierit 
tolerances for the 20 seed run, reduced the horizontal distortion by a. fa.ctor 
of 2, while the vertica,l distortion was unaffected. This is sl~own in Figure 6. 
The alignment tolerances, a(DX), a(DY), a(roll), were relased by a fa.ctor 
of four while keeping the a(AB/B) consta.nt as shown in Figure 7. Here the 
vertical distortion shows the fa.ctor of four increase while a.n increase in the 
horizontal distortion a.ppears only in the first half of the line. 

Table 2: Errors used in Central Traject,ory Calculation 

Error lo 
quad misalignment (DX,DY) 0.25 mm 
B2 dipole roll error (DPSI) 0.5 mr 
C-mag(V) roll error (DPSI) 0.5 mr 

random B2 field error (AB/B) 25 units 

4 Correctors 

For this evalua.tion it is assumed that every quadrupole has an associated 
BPM and corrector. Recycled Main Ring BPM’s and dipole correctors will 
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be used in each line. Table 3 summa.rizes the available strength of these 
correctors and the maximum expected correction angle at 8.9 and 150 GeV/c, 
respectively. It is a.ssumed these correctors can run G Amps rms for S.9 GeV/c 
usage and ramped to 12 Amps for 150 GeV usage. 

Table 3: Main Ring Corrector strengths 

Type Bdl/Amp [kc-m/amp] %GeV [p-l 

Normal 1-I 0.0345 699.3 
Shimmed 1-I 0.0259 525.0 62.1 

Double 1~ 0.05SG 1178.8 140.6 
Normal V 0.0202 409.5 4s.5 

‘Ilie physica. slot length for these correctors is less than I:! iliclics so if 
more strenglh is required multiple correctors at a single locatioii n1a.y be run 
in series. Currently, there are on the order of 10s each of horizontal correctors 
(which would have to be shimmed) and vertical correctors in the Ma.in Ring. 
Table 4 summarizes the numbers of correctors in Main Ring. Since IT-sector 
will remain intact, tlie number a.va.ilable for use in in the bea.mlincs is reduced. 
There are typica.lly three double strength horizontal dipole correctors in each 
straight section of the Main Ring (except for BO) for a total of 15 and with 5 
spa.res we ha.ve a. tota. of 20 for use in the bea.mlines. The S GeV Iiire would 
use about 26 of normal horizontal and vertical correctors with the renlainder 
going to the 150 GeV lines. Each of the 150 GeV lines would require about 
7 horizontal and 7 vertical corrector locations. 

Table 4: Ma.in Ring Corrector Inventory 

Location H Corr Mod. H Corr V Corr 
A0 to FO 79 12 91 
FO to A0 15 3 20 

Spa.res 15 5 4 
Total 109 20 115 
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5 Central Trajectory Correction 

Seed #1357 in the 20 seed run exhibited the maximum excursions for the 
each of the planes. The trajectory distortion due to this seed was selected 
for correction. The MATCHING function in MAD was selected to find a 
set of corrector strengths that would reduce the distortion to within accept- 
able limits. This function uses a gradient minimization technique found in 
MINUIT. Note: The closed orbit correction algorithms in MAD require a 
periodic solution a.nd therefore are not applicable to beamlines without a 
closed periodic solution. Six different cases were investigated to ensure cor- 
rection a.t both S GeV and 150 GeV. Ta.ble 5 summa.rizes the constraints on 
the central tra.jectory and correctors for ea.& of the ca.ses. Table G summa- 
rizes the rms and maximum corrector strengths required for correcting the 
central tra.jectory to \vithiil the specified positions. The iritli\~idual errors foi 
seed #1357 a.ssigned to ea.& element from the MAD output are sllown in 
Figure S. 

Table 5: Position & corrector constraints for Central Trajectory Correction 

case 1'Ull Energy BF , y - I L Aa.J. =A .._ - v,I, 
No. No. GeV [mm] [mm] [P-l 

1 lgl0 8 0.0 0.0 flOO0 
2’ lg15 s 0.0 0.0 fllSS 

Iwl 
flOO0 
5409 

* aligmnent and roll errors increased by x4 
* alignment and roll errors increased by x2 

** orbit distortions for 19 seeds 

Cases 1 and 2 constrained corrector strengths to 8 GeV levels, while the 
remaining cases concentrated on the 150 GeV correction. In Case 1 the 
maximum allowed strengths for both horizontal and vertical correctors was 
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set to flOO0 pr. Figure 9 shows the orbit before and after correction. The 
maximum corrector strengths required to correct the orbit were 99 /Lr and 
78 pr for horizontal and vertica.1, respectively. This is well within the range 
of the shimmed horizontal corrector and norma. vertical corrector listed in 
Table 3. 

In Case 2 the la values used in generating the alignment errors for quad 
placement a.nd dipole roll were increased by a factor of four. Also, the max- 
imum a.llowed corrector strength was set to that of a double strength hori- 
zonta.1 corrector and normal vertical corrector. The before and a.fter orbits 
for Case 2, shown in Figure 10, are also well corrected. Again, the maxi- 
mum corrector strengths are well within the range of the shimmed horizontal 
correct.or and norma. vertical corrector listed in Table 3. 

Ca.se 3, the first a.t 150 GeV/ c, constrained the maximum corrector 
strength to tl1a.t of t,he 150 GeV value for the shimnled horizontal correc- 
torsand normal vertical correctors. Additiona.lly, the horizontal a.nd vcrtica.1 
orbit was coilstrained to be within f10 mm throughout the line arid 0.0 mm 
through the Tev injection c-ma.gnets and lambertsons. Figure 11 shows the 
results of this fit. Here, the fit is successful but it requires more tl1a.n one 
corrector iii ea.& plane a.t its maximum corrector strength. 

Case 4 utilized the double strength horizontal correctors and normal 
vertical correctors. The orbit was constrained to be 0.0 mm at all BPM’s. 
The results are sho\vn in Figure 12. Here, the rms horizontal value is only half 
the available strength from the double strength correctors. The rms vertical 
strength required is 7OY0 of the maximum vertica.1 corrector strength, with 
many correctors a.t their ma.ximum value. This could be feasible but would 
require most loca.tions to have two vertical correctors in series. 

In Case 5 the tolerance on the trajectory was increa.sed to f10 mm with 
the same corrector limits. The rms and ma.ximum strength of the vertica.1 
correctors was reduced by about 20%. The rms horizontal corrector strength 
was reduced by about 35%, but the maximum horizontal corrector strength 
increased by about 20%. The resulting orbit before and a.fter correction is 
shown in Figure 13. Here, the maximum required strengths (1~ and V) are 
still only about 85% of the maximum corrector strength at 12 Amps. 

In Ca.se 6, the alignment errors were increased by a factor of two and the 
corrector strengths were constrained to double strength horizontal and nor- 
mal strength vertical correctors. The orbit was allowed to have a maximum 
of f10 mm ,except for the injection BPM’s. Figure 14 shows that this orbit 
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can be corrected with 50% rms horizontal strength and SO% of the vertical 
corrector strength. However at least one corrector in each pla.ne is at a level 
greater than 90% of the maximum value. 

In Ca.se 7, the orbit distortions were corrected due to the 20 random 
shown in figure 4. The horizontal correctors were constrained to be double 
strength horizontal correctors at ea.& QF location and two normal 
vertical correctors at each QD location. Figure 15 shows the corrected 
orbits for 19 out of the 20 seeds (one seed was prematurely ended ). At least 
one horizontal corrector at its maximum strength was required while only 
75% of the available vertical strength was used. These corrections required 
approxima.tely 24 hours of cpu time on Sun Sparcstation IPC. It is clear that 
good sta.tisitcs cannot be obtained in a. reasonable amount of tiine. 

Table G: Itcquirecl Corrector Strengths for Central ‘I’rajectorj. Correction 

case Energy O,,(?ms)[/11.] O,,(muz)[/Lr] o,+n?.s)[~ll-] o,+?~+~r] 
1 S 62 99 41 7s 

2* S 113 1~ 166 t I 150 I 272 
3 150 49.G 62.1 37.2 47.s 
4 150 GSS 9s 32.9 4s.5 
5 150 44.7 115 26 41 

G** 150 74.3 121.7 3s.5 47.7 
7*** 150 GO.6 140 2S.G G5.G 

* alignment and roll errors increased by x4 

-I 
* alignment and roll errors increased by x2 

** rms and max values for 19 seeds 

6 Booster to MI 8 GeV Line 

The errors listed in Table 2 were added to the main transport section in the 
8 GeV line between the Booster and Main Injector in the same fashon as 
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was done for the h41-52 to FO line. r The transport cell structure consists 
of 14 FODO cells with all dipoles on a single bus. Twenty seeds were used 
to obtain a distribution of central trajectory errors, as shown in Figure 16. 
The maximuir excursions of the trajectories are 442 mm and fl’:! mm for 
horizontal and vertical, respectively. The “worst case” distortion from the 20 
seeds was corrected using the MICADO 1, a corithm in h4AD. This smoothed 
the orbit to within 1 mm with the maximum dipole strengths required of 
3SGjLr and SG/lr for horizontal and vertical, respectively. The orbits before 
and after correction are shown in Figure 17. These strengths are well within 
the dc levels of the existing MR shimmed horizontal and normal vertical 
correctors 

7 Conclusions 

Orbit correction for the MI-52 to FO transfer line was accomplished for a. 
single “worst case” orbit distortion from twenty ra.ndom seeds. The standard 
errors used were consistent with the estimated 2a values supplied by the 
Alignment group. From these few test cases the following conclusions are 
drawn: 

l The S GeV correction of the Pl (Al) bea.mline ca.n be done with 
shimmed horizontal and normal vertical correctors, even when the er- 
rors are multiplied by a factor of four. So correction at this energy 
should not dictate the required alignment tolerances. 

l The 150 GeV correction for standard errors requires double strength 
horizontal correctors and normal vertical for the standard alignment 
errors. This requires a maximum of 85% of the available corrector 
strength at 12 Amps. 

l With “standard” alignment tolerances (i.e. Table 1) and accepting a 
f10 mm orbit distortion (except in the matching section and injection 

‘J. Johnstone, privak cotnmunication. 
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Lambertsons), single vertical correctors and double strength horizon- 
tal correctors would be sufficient for correcting the orbit due to the 
magnitude of alignment errors investigated. 

l Since there is physical space for double vertical correctors at each defo- 
cussing loca.tion except Q13 and since all the vertica.1 corrections at 150 
GeV/c required at least one vertical corrector to be at greater t 1la.n 90% 
of its maximum, it would seem prudent to use two vertical correctors 
at each defocussing quad location. 

l Orbit control for Tevatron injection of Main Injector injection has not 
been ta.ken into account in this analysis except to note the potential 
use of existing bunp magnets in the L1a.in Ring. These ma)’ replace OI 

be in a.ddit,ion to the orbit correctors discussed here. 

l Currently, the orbit correction routine in h1.4D, I\4ICADO, IYY~U~ITS clo- 

sure and hence cannot be used here. Therefore, a progra,m sllould be 
written to aliow the correction of orbit distortions in beamlines which 
does not require closure. This should incorporate knowledge of the 
lattice, detector a,nd corrector positions, and utilize tile relationship 
between corrector strength and the resulting orbit downstream to min- 
imize the required corrector strengths. This algorithm would be much 
faster than the MINUIT general minimiza.tion algorithm used iI1 hliZI> 
so better statistics could be obtained. 

l Recornendation: Based upon the above analysis the required insta.l- 
lation tolerances shall be kept to the following for all beamlines: 50.5 
mm for transverse placement and fl.O mr for roll. With these toler- 
ances the Booster to MI can use the shimmed horizontal correctors and 
standard vertical correctors while the Pl and Al lines shall use dou- 
ble strength horizontal correctors at F quads and two single strength 
vertical correctors at the D quads. 
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